A dry release method using a thin Teflon™ layer for SU-8 multilayered polymeric microstructures is presented. The low surface energy of Teflon makes the adhesion of SU-8 and substrate poor, enabling the SU-8 polymer photoresist to be removed after the devices have been fully processed. The surface energy was measured using the open-crack method, and the surface roughness and deformation of the released SU-8 were minimized in our processing. The dry release technique eliminates the diffusion limited problem in wet etching and is suitable to package complex three-dimensional polymer microfluidic devices. One such example, which provided the original impetus to formulate a dry release process, is a multilayered SU-8 structure that encapsulates small quantities of fluid. This device is being developed for a biomedical application, and will be used throughout this article as an example of a complex SU-8 structure that uses the dry release process.
I. INTRODUCTION
SU-8, a negative UV photoresist, enables the fabrication of thick and high-aspect ratio microstructures using standard contact lithography. 1, 2 Due to its excellent chemical and mechanical properties, there has been a growing interest in using SU-8 as a structural material for microfluidic systems, lab-on-a-chip, and in other fields of application. 3, 4 In addition, compared with silicon and glass micromachining, the processing of SU-8 uses standard lithography ͑single or multiple steps͒, making it simple with lower cost. One of the key technologies in the fabrication of SU-8 devices is the release of functional structures. Because SU-8 has very good adhesion with the substrate after postexposure baking, the release is usually achieved by selective removal of a sacrificial layer using wet etching. Sacrificial layers which have been used include gold, aluminum, silicon dioxide, photoresist, and polystyrene because of their high etch selectivity to SU-8. [5] [6] [7] Nevertheless, the use of wet etching is restrictive since the lateral supply of etchant underneath the structure is diffusion-limited, and therefore wet etching is limited to short distances. 8 The typical solution is to add many release holes on the structure, but this is certainly not posed using a self-assembled monolayer ͑SAM͒. 9 The SAM serves as an anti-adhesion layer, which enables SU-8 microstructures to be mechanically lifted off the substrate without immersion in a fluid. The absence of etchant eliminates not only chemical contamination, but also the stiction problem. However, SAMs are very thin layers ͑typically Ͻ1.5 nm͒, and ultimately it is hard to control surface properties for release of SU-8 that had been fabricated on these surfaces.
In this article, a dry-release process using Teflon™ is described. Teflon AF is a solution of amorphous fluoropolymers dissolved in Fluorinet ͑3M Company͒. The spin-coated Teflon, after heating above the glass transition point (T g ), has good chemical resistance, a low thermal expansion coefficient, and high temperature stability-all of which are attractive for micromachining applications. Its low surface energy makes the adhesion between the SU-8 and substrate poor, which allows release of SU-8 microstructures without any wet etchants. The Teflon forms the critical release layer in the fabrication sequence of an SU-8 transdermal sampling system, which uses encapsulated fluids for the detection of human glucose concentrations. This multilayered SU-8 based device is called the Bio-Fluidic Integrable Transdermal ͑B-FIT͒ Microsystem.
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II. EXPERIMENT
A. Cleaning procedure
The process flow using Teflon as the release layer for SU-8 microstructures is shown in Fig. 1 . A polished 4 in. glass wafer was used as the substrate. The substrate was cleaned in a boiling Piranha solution (H 2 SO 4 :H 2 O 2 ϭ5:1) for 15 min, dried with nitrogen gas, and then dehydrated in the oven for 1 h.
B. Microfabrication procedure
͑a͒ The Teflon ͑AF1601 from Dupont Inc.͒, diluted with Fluorinet ͑FC72, from 3M͒, was spun to form the release layer at 3000 rpm for 30 s with a conventional spin coater. The solvent was removed by heating at 120°C for 1 h; ͑b͒ an oxygen plasma treatment ͑30 sccm, 80 mTorr, 80 W, for 10 s in Plasma Lab RIE from Plasma Technology Inc.͒ was performed before spin-coating of SU-8; ͑c͒ SU-8 5 ͑from MicroChem Corp.͒ was spun ͑2000 rpm, 10 s͒, baked ͑90°C, 20 min͒, exposed ͑120 mJ/cm 2 , Karl Suss mask aligner͒, and postexposure baked ͑90°C, 20 min͒ to form a membrane layer; ͑d͒ high-viscosity SU-8 was spun ͑2000 rpm, 30 s͒, baked ͑95°C, 45 min on a hot plate͒, exposed ͑1250 mJ/cm 2 ͒, postexposure baked ͑95°C, 15 min on a hot plate͒ to form the thick SU-8 layer ͑200 m͒ containing a microfluidic channel and reservoir. Development of SU-8 layers was done simultaneously in PGMEA ͑propylene-glycolmethyl-ether-acetate from MicroChem Corp.͒ for 20 min and then the wafer was rinsed with isopropanol. ͑e͒ The SU-8 structure was mechanically peeled off from the substrate with a thin, clean razor blade.
III. DISCUSSIONS A. Spin-coat
Teflon AF is provided as a solution of amorphous fluoropolymer dissolved in fluorinet. It is a liquid at room temperature, and suitable for spin-coating. The thickness of a Teflon film ranges from microns to submicrons, depending on the concentration of Teflon solution and spin rate. FIG. 7. Deformation test of the released structure; ͑a͒ the released SU-8 of diameter 3 in. ͑a mask is not shown͒; ͑b͒, ͑c͒ the pattern was checked by putting the released SU-8 under its generation mask; the shift of pattern ͑b͒ is observed when the SU-8 is aligned with its mask in ͑c͒, and the positions of ͑b͒ and ͑c͒ are the points the arrows indicate.
After being coated with Teflon, the surface of the substrate was rendered hydrophobic. A plasma surface treatment was therefore necessary to facilitate adhesion of SU-8 onto the Teflon layer. An oxygen plasma for surface activation was carried out by using a reactive ion etching system. Figure 2 shows the x-ray photoelectron spectroscopy ͑XPS͒ results of ͑a͒ untreated Teflon surface, and ͑b͒ Teflon surface treated by oxygen plasma. In the C 1s spectrum, the right peak increased due to the increasing amount of some oxygen functional groups, C-O ͑286.6 eV͒, CvO ͑287.8 eV͒, and O-CvO ͑289 eV͒, after an oxygen plasma treatment. Similarly, in the O 1s spectrum, the formation of CvO ͑533.6 eV͒ and C-O ͑534.8 eV͒ bonds accounted for the increase of height and width of the right peak. The oxygen plasma modified the surface chemical structure ͑about several hundred to several thousand angstroms͒ by adding more oxygen functional groups. The increase of oxygen content is verified by the change of the atomic ratio of fluorine, carbon, and oxygen ͑F/C/O͒ of untreated Teflon surface ͑67.32:15.86:16.81͒ with that of the Teflon surface after being treated by oxygen plasma ͑64.48:15.81:19.71͒. Figure 3 shows a droplet of water placed on the surface of ͑a͒ Teflon, ͑b͒ Teflon with oxygen plasma. The surface energy can be quantified by measuring the contact angle of the surface. The contact angle decreased from 115°on Teflon to 95°after oxygen treatment. While the contact angle is still larger than 90°, it is necessary to reduce the wettability just enough to allow the SU-8 to adhere, but not too much where it will not release. For the O 2 plasma, low rf power with a short treatment time was found to give easy removal of the SU-8 structure. High rf power with long treatment times etched the Teflon significantly since the reactive oxygen in the plasma reacts with organic hydrocarbons thereby lowering the contact angle excessively.
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B. Surface energy
The adhesion force between SU-8 and substrate depends on the surface energy. The surface energy could be experimentally characterized by the open crack method, which is widely used in wafer bonding technology. 12 As shown in Fig.  4 , a thin razor blade was inserted between the SU-8 and the substrate, pushing them apart from each other. The expression for the surface energy per unit area ␥ is
where E is Young's modulus, t is the thickness of SU-8, L is the crack length, and y is the thickness of the razor blade. lution with the plasma treatment applied before coating SU-8. The lower the concentration of Teflon solution, the higher the surface energy, resulting in increased difficulties for the release process. This result is consistent with our contact angle measurement. In the measurement, a concentration of the Teflon solution that is too low results in a low contact angle, which provides too high a surface energy for SU-8 to be released. In a 1% Teflon-to-FC72 solution, SU-8 was found to adhere well on the Teflon, even during various processing steps involving wet chemistries and nitrogen drying, but could still be released in the final step.
C. Released SU-8
The surface roughness of the released structure, which was peeled off from the substrate, was studied by atomic force microscope ͑AFM͒. Figure 6 shows the surface scan of the released SU-8 with a release layer using 2% Teflon solution. The rms roughness over a scan area 35 mϫ35 m was 74.8 nm, which was slightly higher than that of the Teflon film alone ͑11.5 nm͒.
It has been reported that a large residual stress could exist in thick polymerized SU-8. 4 The internal stress of SU-8 can bend or even distort the structure after the SU-8 is patterned. To minimize this residual stress, the temperature cycle of baking was optimized, and also a long relaxation time at room temperature ͑at least 24 h͒ was employed for this study. The average residual stress in SU-8 microstructures can be controlled within 20 MPa.
A 3 in. diameter patterned and released SU-8 layer was placed under the mask aligner, and the pattern was checked with its generation mask, as shown in Fig. 7 . The plastic deformation during the release step seems to be negligible since the slight shift of pattern can be attributed to the air gap between the SU-8 and mask.
IV. APPLICATIONS
One of the advantages of the Teflon release layer is that it is possible to release microstructures of very large area in a short processing time. Figure 8 shows a released multilayered, 3-in.-diam SU-8 device. The surface of the released microstructure was flat and found suitable for micro-electromechanical systems ͑MEMS͒ applications.
The dry release technique with Teflon can be used to package complex three-dimensional ͑3D͒ polymer microfluidic devices, especially those involving liquid encapsulation. The existence of liquid does not allow high temperature processing, and wet etching in an aqueous solution is also not preferred. Figure 9 shows an overview of the process flow for fabricating a system comprised of a microreservoir and microchannel formed by bonding two SU-8 layers together after filling. Figures 9͑a͒ and 9͑c͒ show two separate wafers, both with a Teflon release layer, on top of which SU-8 microstructures were formed as described in Sec. III. The filling of the reservoir ͑for the B-FIT device, the volume was 50 nL͒ was achieved precisely with a BIODOT dispensing instrument, as shown in Fig. 8͑b͒ . 13 A Teflon layer is also patterned ͓Fig. 9͑d͔͒ in the region over the encapsulation area and serves the purpose of providing a hydrophobic region that prevents the sealing glue ͑used to seal the two released SU-8 structures, described next͒ and liquid from mixing. After applying an UV-curable glue, the two wafers were aligned under the microscope and the glue was cured by UV exposure. The microfluidic device was completed after being released from the substrate. The completed and released SU-8 microfluidic B-FIT device, with fluid encapsulation, is shown in Fig. 10 .
V. CONCLUSION
A dry release method using thin Teflon for SU-8 multilayered microstructures has been presented. The low surface energy surface created by Teflon deposition makes both the adhesion of SU-8 and the substrate poor, allowing SU-8 to be released after the devices were completed by normal fabrication methods. The surface energy was measured using the open-crack method, and the surface roughness and deformation of released SU-8 were minimized in our processing. The dry release technique with Teflon was also used to fabricate complex 3D polymeric microfluidic devices with liquid encapsulation.
